Recent findings have identified an endogenous brain system mediating the actions of cannabis sativa preparations. This system includes the brain cannabinoid receptor (CB-1) and its endogenous ligands anandamide and 2-arachidonoyl-glycerol. The endogenous cannabinoid system is not only present in the adult brain, but is also active at early stages of brain development. Studies developed at our laboratory have revealed that maternal exposure to psychoactive cannabinoid results in neuro-developmental alterations. A model is proposed in which early D 9 -tetrahydrocannabinol (THC) exposure during critical developmental periods results in permanent alterations in brain function by either the stimulation of CB-1 receptors present during the development, or by the alterations in maternal glucocorticoid secretion. Those alterations will be revealed in adulthood after challenges either with drugs (i.e. opiates) or with environmental stressors (i.e. novelty). They will include a modified pattern of neuro-chemical, endocrine, and behavioral responses that might lead ultimately to inadaptation and vulnerability to opiate abuse. Key words : rat, cannabinoids, perinatal exposure, behavior, opiates, conditioning, ACTH, corticosterone, vulnerability. En los ultimos años se ha logrado identificar un sistema endógeno que media las acciones de los principios activos del cannabis sativa. Este sistema está compuesto por el receptor para cannabinoides cerebral (CB-1), y sus ligandos endógenos, la anandamida y el 2-araquidonilglicerol. El sistema cannabinoide endógeno está activo en el cerebro adulto, participando también en el desarrollo cerebral. Los estudios desarrollados en nuestro laboratorio han demostrado que la exposición maternal durante la gestación y la lactancia a compuestos activos en el receptor CB-1 conducen a alteraciones en el desarrollo cerebral. En este trabajo se propone un modelo en el cual la exposición durante periodos críticos del desarrollo a D 9 -tetrahydrocannabinol (THC), el principal cannabinoide psicoactivo del cannabis sativa, induce cambios permanentes en la función cerebral, bien mediante la activación de los receptores CB-1 presentes durante edades tempranas del desarrollo, o bien mediante la alteración de la secreción maternal de glucocorticoides. Estas alteraciones se manifiestan en la edad adulta tras la exposición a desafíos adaptativos, como el tratamiento con drogas de abuso (opiáceos) o el estrés medioambiental (novedad, etc.), que inducen respuestas neuroquímicas,hormonales y comportamentales anómalas, que se manifiestan como una mayor vulnerabilidad a la adicción.
The use of Cannabis sativa preparations (hashish, marijuana) has a long history, from folkloric use in ancient times, to the wide-spread recreational use in the twentieth century (Mechoulam, 1986) . However, it is only within the past 30 years that researchers have begun to understand the biological basis of the pharmacological effects of cannabis. Moreover, the last 10 years have been crucial for identifying the neural substrates underlying cannabis actions in the brain (see Table 1 , section A). Since the seminal discovery of the cannabinoids, the psychoactive compounds of cannabis, with the isolation of D 9 -tetrahydrocannabinol (THC) as the main cannabinoid (Gaoni & Mechoulam, 1964) , extraordinary advances have led to the synthesis of psychoactive cannabimimetic agents (Dewey, 1986; Mechoulam et al., 1987) , and to the identification of an endogenous system mediating the neuro-pharmacological actions of cannabinoids. This endogenous system, the endocannabinoid system, is composed of the CB-1 brain cannabinoid receptor (Devane, Dysarz, Johnson, Melvin, & Howlett, 1988; Herkenham et al., 1990; Matsuda, Lolait, Brownstein, Young, & Bonner, 1990) , and several brain constituents that have been proposed as endogenous ligands for the CB-1 receptor, including anandamide (Devane et al., 1992; Di Marzo et al., 1994) and 2-arachydonoylglycerol . Surprisingly, the CB-1 cannabinoid receptor is present in brain areas, including those relevant for the rewarding properties of drugs of abuse (Gardner & Lowinson, 1991) , in greater abundance than most other known receptors for neurotransmitters (Herkenham et al., 1990) .
Since the isolation of THC, many studies have addressed the effects of this and other active cannabinoids in brain function (Dewey, 1986) . The pharmacological profile of the cannabinoids includes the acute induction of analgesia, hypothermia, immobility, and catalepsy (Abood & Martin, 1992; Martín-Calderón et al, 1998) , as well as neuro-endocrine alterations, including the activation of the pituitary adrenal axis and the inhibition of the secretion of most anterior pituitary hormones (Martín-Calderón et al., 1998; Rodríguez de Fonseca et al., 1991b , Rodríguez de Fonseca, Villanúa, Muñoz, San-Martín-Clarke, & Navarro, 1995b . Cannabinoids also activate monoaminergic systems in the brain, especially reward-related systems (Gardner & Lowinson, 1991; MolinaHolgado, F., Molina-Holgado, E., Leret, González, & Reader, 1993; Navarro et al., 1993a Navarro et al., , 1993b 
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The investigation of the effects of maternal exposure to cannabinoids on brain development has been a very active field of research in the cannabinoid field. Animal research has revealed the existence of long-term behavioral consequences of maternal exposure to drugs of abuse during gestation and lactation (Navarro,Rodríguez de Fonseca, Hernández, Ramos, & Fernández-Ruiz, 1994a; Navarro, Rubio, & Rodríguez de Fonseca, 1994b; Robins & Mills, 1993; Zuckerman, 1991) . However, knowledge of the real impact of maternal exposure to cannabis on the development and adult expression of cognitive and behavioral functions in humans is far from being achieved. Cannabis sativa preparations remain the most widely used illicit drugs during pregnancy in western countries (Abel, 1980; Day et al., 1994; Fried, 1995) . Cannabinoids can be transferred from the mother to the offspring through placental blood during gestation (Hutchings, Martin, Gamagaris, Miller, & Fico, 1989) and through maternal milk during lactation (Jakubovic, Hattori, & Mc Geer, 1977) . The presence of psychoactive cannabinoids in the developing brain might interfere as epigenetic factors with the rigidly ordered developmental program that occurs during the ontogeny of the central nervous system, resulting in neuro-developmental alterations (Mirmiran & Swaab, 1987) . Early laboratory studies had shown that maternal exposure to either cannabis extracts or THC resulted in long-lasting alterations in brain development and function (Abel; Dalterio & Bartke, 1979; Fernández-Ruiz, Rodríguez de Fonseca, Navarro, & Ramos, 1992; Rodríguez de Fonseca, Cebeira, Fernández-Ruiz, Navarro, & Ramos, 1991a; Rodríguez de Fonseca, Cebeira, Hernández, Ramos, & Fernández-Ruiz, 1990; Rodríguez de Fonseca, Hernández, de Miguel, Fernández-Ruiz, & Ramos, 1992a; Walters & Carr, 1986) . Subsequent studies developed in our laboratory (Table 1 , references in section B) revealed that maternal exposure to cannabinoids resulted in behavioral alterations which could be observed either during development or at adult ages. These alterations were associated with neurochemical disturbances in monoaminergic and neuro-peptide systems (Bonnin et al., 1994; Molina-Holgado et al., 1993; Rubio et al., 1995) .
An unexplored aspect of the behavioral teratology of abused drugs is their possible role as a vulnerability factor for drug-seeking behavior in the adult. Several studies have shown that maternal exposure to opiates (Gagin, Kook, Cohen, & Savit, 1997) or to psychostimulants (Keller, Lefevre, Raucci, Carlson, & Glick, 1996) resulted in a sensitization to the reinforcing effects of these compounds in the adult offspring, suggesting the establishment of a vulnerability as a result of that early exposure. The neurobiological mediators for the establishment of such vulnerability remains to be determined. However, the pioneer work of McEwen and colleagues (1987, and references therein) has established that underlying such alterations may be the drug exposure-induced effects on maternal steroid-hormone secretions or the intrinsic activity of such drugs, which act as steroid hormone-like substances. Most drugs of abuse are potent activators of the hypothalamopituitary-adrenal axis (HPA), and it has been proposed that maternal stress induced by these drugs might underlie the observed behavioral sensitization (Molina, Wagner, & Spear, 1994; Rubio et al., 1995) . The effects of such epigenetic influences in brain reward systems have been studied by the extensive research of Piazza's group ( Piazza, Deminiere, Le Moal, & Simon, 1989; Piazza, Deroche, Deminiére, Maccari, Le Moal, & Simon, 1993; Piazza & Le Moal, 1996) . These authors have suggested that both prenatal stress and prenatal drug exposure seem to play an important role in the individual predisposition to psychostimulant self-administration in rodents, by the induction of long-term changes in the activity of mesocorticolimbic-projecting dopamine neurons containing glucocorticoid receptors (Harfstrand et al., 1986) , and HPA activity in the adult offspring (Callaghan et al., 1994; Deminiére et al., 1992; Maccari et al., 1991) . In this regard, there is little information about the possible long-term vulnerability-inducing effects of maternal exposure to marijuana or its psychoactive compounds. Natural cannabinoids, such as THC are potent activators of the HPA axis by means of its interaction with hypothalamic brain cannabinoid receptors (Rodríguez de Fonseca et al., 1991b ,1995b . Perinatal exposure to cannabinoids might then result in increased maternal circulating levels of corticosterone and could interfere with the development of the HPA axis in the fetuses. The fact that brain cannabinoid receptors are present in early stages of development (Rodríguez de Fonseca, Ramos, Bonnin, & Fernández-Ruiz, 1993) adds another important biological substrate to the actions of maternally-delivered cannabinoids on brain development.
The present study was designed to further analyze the effects of maternal exposure to THC in the reinforcing properties of morphine in the adult offspring. Previous studies have shown that endogenous opioid systems (peptides and their receptors) can be altered after maternal exposure either to stress (Insel, Kinsley, Mann, & Rridges, 1990; Keshet & Weinstock, 1995) or to perinatal cannabinoid treatments (Kumar et al., 1990) . Because of the growing evidence that the functional status of the HPA-axis might be relevant for opiate-seeking behavior in the rat (Saham & Stewart, 1995) , sensitivity to the reinforcing properties of a moderate dose of morphine (350 µg/kg, which induces place-conditioning in only 50% of the control animals) was studied in adult offspring born of mothers exposed during gestation and lactation to several doses of THC that were closely related to human consumption. The functional status of the HPA axis was evaluated by measuring plasma levels of ACTH and corticosterone in basal conditions, and after the adaptive challenge of conditioned place-preference (CPP) testing. Another stress-related hormone, prolactin (PRL), was also controlled. Since increased sensitivity to the reinforcing effects of abused drugs has been associated with changes in the pattern of locomotor and exploratory activity (Piazza et al., 1989) , we also evaluated the behavioral response to novel and familiar environments, using a battery of behavioral tests. Lastly, in order to further evaluate the establishment of longlasting functional alterations as a result of maternal cannabinoid exposure, we studied the effects of maternal exposure to the highly potent cannabinoid, (-)-11-hydroxy-D 8 -tetrahydrocannabinol-dimethylheptyl (HU-210), on the adult sensitivity of the HPA axis to an acute cannabinoid challenge.
Method

Subjects
Female virgin rats of the Wistar strain (> 8 weeks old; 200-250 g) were housed in a room with controlled photoperiod (lights on: 08:00-20:00) and temperature (23 ± 1 o C). They had free access to standard food (Panlab, Barcelona) and water. Daily vaginal smears were taken between 10:00-12:00 h, and only those animals exhibiting three or more consistent 4-day cycles were used in this study. Females in the proestrus phase were allowed to stay with a male for mating, and a new vaginal smear was taken on the next day. Those animals showing the presence of sperm cells were accepted as probably pregnant and used for D 9 -tetrahydrocannabinol or HU-210 exposure studies. The day on which sperm plugs were found was designated the first day of gestation. After weaning the offspring, they were separated and housed, 4-5 animals of the same sex and treatment per cage. Thirty litters were used for the behavioral studies, distributed as follows: 8 vehicle, 4 THC 1 mg/kg, 4 THC 5 mg/kg, 3 THC 20 mg/kg, 4 HU-210 1 µg/kg, 4 HU-210 5 µg/kg, and 3 HU-210 25 µg/kg. For both CPP and defensive-withdrawal studies, 2-3 male offspring and 2-3 female offspring per litter were chosen randomly at adult age (> 70 days). Female rats were studied in the estrous phase of the cycle.
Cannulae implantation. For the time course of the endocrine actions of HU-210, a group of six animals per treatment was implanted under Equithesin anesthesia with indwelling atrial cannulae, inserted via the right external jugular vein. Cannulae were filled with heparinized saline (10 U/ml) to maintain patency. Animals were allowed at least 48 hours for recovery, prior to experimental procedures.
All the procedures were carried out according to the European Communities Council directive of 24 November, 1986, (86/609/EEC) regulating animal research.
Experiments
In the first experiment, we studied the performance on the elevated plus-maze of male and female offspring who had undergone the different perinatal treatments with THC during postnatal development. The animals were repeatedly exposed to the maze at 20, 30, 40, and 70 days of postnatal life.
In the second experiment, adult animals of both sexes (>70 days), born of mothers exposed to the different experimental treatments, were studied in the defensivewithdrawal test under novelty conditions . One week after the testing procedure, they were divided into two groups. Rats of the first group were left undisturbed for two additional weeks. The animals were killed after habituating them to the handling procedure, and plasma samples were obtained (basal group). The second group was used to study the effects of perinatal exposure to THC on the reinforcing properties of a moderate dose of morphine (350 µg/kg, Rubio et al. 1995) , using the CPP paradigm. Locomotor activity was measured during conditioning sessions. These animals were killed after the end of the 45-minute testing session of the CPP test, and plasma samples were collected (place-preference group).
In the third experiment, animals exposed to (-)-11-hydroxy-D 8 -Tetrahydrocannabinol-dimethylheptyl (HU-210) were used for evaluating the time-course of the adrenal response to an acute cannabinoid challenge. Adult animals from the different groups (n = 6; > 70 days) bearing indwelling atrial cannulae were injected with HU-210 (20 µ g/kg, iv), and plasma samples were obtained from the jugular vein -20, 0, 30, 60, and 120 minutes before and after the injection of the cannabinoid agonist.
Drugs and Treatments
Perinatal cannabinoid exposure. D 9 -tetrahydrocannabinol (THC) of greater than 95% purity was provided in an ethanol solution by the National Institute on Drug Abuse (Project 4886-OB). (-)-11-hydroxy-D 8 -tetrahydrocannabinol-dimethylheptyl (HU-210)HU-210 was a gift by Dr. Raphael Mechoulam, from The Hebrew University at Jerusalem. It was dissolved in 95% ethanol at a concentration of 10 mg/kg. Immediately before use, the ethanol was evaporated and the residue was emulsified using sesame oil as the vehicle. Pregnant females received a daily single oral dose of THC (1, 5 or 20 mg/kg bodyweight, given between 10:00 and 12:00 a.m.), HU-210 (1,5 or 25 µg/kg) or vehicle in a volume of 0.1 ml. The treatment started in the fifth day of gestation and was maintained until the 24 th day after birth, the day on which pups were weaned. The doses of THC chosen were an extrapolation from current estimates of moderate to heavy exposure to this compound in humans, and were corrected, considering the differences in route of administration and body surface area (Rosenkrantz, Sprague, Fleischman, & Braude, 1975) . We have previously observed that this dosage resulted in plasma THC levels within the range of those reported causing behavioral and physiological effects in animal models (Navarro et al., 1993b; Rodríguez de Fonseca et al., 1991b) . HU-210 doses were selected on the basis of its equipotency with THC (Rodríguez de Fonseca et al. 1995b . To assess the possible toxic effects of the treatment previously reported Hutchings et al., 1987) , several gestational and lactational parameters were controlled, as described elsewhere (Navarro et al., 1994b) . Figure 1 depicts the lack of consistent effects of maternal exposure to THC on food-and water-intake during gestation and lactation. A similar profile was observed after HU-210 exposure.
Morphine treatment. Morphine hydrochloride was used for the CPP studies. It was supplied by Centro Nacional de Estupefacientes y Psicótropos, prepared daily using isotonic saline as vehicle, and injected intraperitoneally at the doses described in the Experiments Section, in a volume of 0.3 ml. None of the morphine doses tested induced physical dependence, as evaluated using naloxone (1 mg/kg) after the 3-day conditioning sessions (Rodríguez de Fonseca et al., 1995a) .
Acute HU-210 exposure. HU-210-induced alterations in the secretion of corticosterone and prolactin were studied in animals bearing indwelling atrial cannulae. HU-210 was prepared in saline/propylene-glycol/Tween 80 vehicle (90:5:5 v/v), and injected intravenously at a dose of 20 µg/kg in a volume of 100 µl.
Behavioral Testing
Elevated plus-maze. The performance of the offspring in the elevated plus-maze was repeatedly evaluated at postnatal days 20,30,40, and 70, following previously described methods . The results were expressed as 1) the absolute time spent in the exposed arms of the maze, and 2) the number of arm entries. All the behavioral studies took place during the morning time of the light cycle (09:30 -13:00 hr)
Defensive withdrawal. Defensive-withdrawal test was conducted as previously described . The apparatus consisted of an opaque open field (100 x 100 x 40 cm), the floor of which was marked with 20 x 20 cm squares. The field contained a cylindrical polyethylene chamber, measuring 17 cm deep and 10 cm in diameter. The chamber was open at one end and situated alongside the wall running lengthwise and 20 cm away from a corner of the open field. The open field was illuminated using a 500 W halogen ceiling light, which was regulated to yield 350 lux at the center of the open field. Testing was conducted only under novelty conditions, as described in the Experiments Section. The rats were placed inside the chamber, in the open field, and the following behaviors were scored by trained observers, who were blind to experimental conditions: latency in leaving the chamber (emergence latency), defined as placement of all four paws in the open field; the total time spent in the chamber; the mean time spent in the chamber (i.e., the total time spent in the chamber divided by the total number of entries); motor activity, defined as the total number of lines on the floor of the open field crossed outside the chamber (crossings), and the number of rearings performed outside the chamber. The test length was 15 min. After testing each animal, the apparatus was cleaned with a weak acid solution (1% acetic acid) to prevent olfactory cues from affecting the behavior of subsequently tested rats.
Conditioning. Morphine-induced place preference (CPP) studies were performed as previously described (Rodríguez de Fonseca et al., 1995a) , using a three-arm apparatus similar to that described by Hand, Stinus, & Le Moal (1989) . The apparatus consisted of three interconnected rectangular boxes, measuring 40 x 35 x 35 cm, situated at 120º angles from each other. In the middle, there was a triangular area with a smooth glass floor, from which any of the three compartments were accessible. Each compartment was equipped with a different set of sensory stimuli: compartment A was equipped with a sand floor, plain walls, and a small container with a drop of 10% acetic acid. Compartment B contained a removable soft plastic floor, walls painted with white dot circles (7.5 cm), and a small container with a drop of anise extract. Finally, compartment C had a cork floor, alternating white strips (5 cm wide) painted on the walls, and no odor (a container with distilled water). The apparatus was placed in a dimly illuminated (110 Lux) isolated room. Each compartment was equipped with eight photocells which allowed us to monitor the position of the animal, and to automatically register the time spent in each compartment. After testing each animal, the floors were changed and washed to avoid odor cues. Each CPP experiment consisted of a 5-day schedule, with three phases: preconditioning, conditioning and testing. Animals exhibiting strong unconditioned aversions (< 10% of the session) or preferences (> 60% of the session) for any compartment in the 45-minute preconditioning session were discarded for the conditioning procedures. Those two compartments to which the animals exhibited the most similar preference-time were randomly assigned for the conditioning procedure. This consisted of a 3-day schedule of double conditioning sessions. The first day involved a morning session (9:00 -13:00) in which animals received a single dose of morphine (a full dose-response (experiment 1( or 350 g/kg ip, in THC-exposed animals) and were immediately placed in one of the compartments. During this 30-min conditioning session, the animals were not allowed to explore the other compartments of the apparatus. In the evening session (16:00 -19:00) the animals received a single intraperitoneal injection of saline solution, and were placed for 30 min in the other compartment chosen for conditioning. On the second day of conditioning, the rats received the saline injections in the morning session and the drug administration in the evening session. On the third day of conditioning, the same schedule was used as on the first one. On the basis of preliminary studies in our laboratory, we chose this schedule to avoid circadian variability (morning/evening). After three days of conditioning, the animals were again allowed to freely explore the three compartments, as in the preconditioning phase (testing session). The absolute time spent in each compartment was automatically registered and used for the evaluation of the CPP.
Locomotor activity. During the different conditioning sessions, the position of the animal in the compartment was automatically registered by means of the photocells system described above, and the total number of beam interruptions was used for the analysis of locomotor activity (Rodríguez de Fonseca et al. 1995a ).
Sampling and Hormonal Determinations
Three hundred microliters of blood were withdrawn at -20, 0, 30, 60, and 120 minutes before and after the injection of HU-210 from the jugular vein with a heparinized syringe. Sixty minutes after obtaining the last sample, the animals were sacrificed by rapid decapitation using a guillotine. Animals were previously familiarized with this handling procedure. Trunk blood was collected in tubes containing 400 µl of 6% EDTA, and centrifuged at 2500 x g at 4°C. Plasma was stored, frozen at -20°C, until assayed for hormonal determinations. Plasma corticosterone levels were measured by a radioimmuno-assay system (RIA), using a specific antibody from Bio Clin (Cardiff, Wales). This RIAsystem yields basal values of corticosterone of 175 ± 25 ng/ml in undisturbed adult male animals, and 500 ± 70 ng/ml in stressed animals . The variability of the method was 15.3%, and the detection limit was 62 pg/ml. Plasma PRL levels were measured, as previously described (Rodríguez de Fonseca et al., 1995b) , by a specific double-antibody RIA-system, using materials kindly provided by the National Hormone and Pituitary Program (NIH, Bethesda, MD, USA). Values are expressed in ng/ml of reference preparation rPRL-RP3. The intra-assay coefficient of variation was 3.3% and the sensitivity was 0.025 ng/ml. All samples were measured in the same assay to avoid interassay variations.
Statistical Analyses
Two levels of analysis were performed in the present study. Data of individual animals were assessed by multifactorial analysis of variance, as required. Following a significant F value, post hoc analyses (Newman-Keuls) were performed for assessing specific group comparisons. Litter analyses were performed following Holson and Pearce (1992) suggestions, in order to assess the presence of litter effects. To this end, ANOVAs were performed using the mean litter value observed as the unit for analysis. All calculations were performed using the BMDP statistical package. 
Effects of Perinatal Exposure to THC on Several Gestational and Lactational Parameters
In order to assess the possible toxic and nutritional effects of THC administration, reported elsewhere Hutchings et al., 1987) , we recorded several parameters throughout the gestation and lactation (see Figure 1) , as previously described (Navarro et al., 1994b) . Our results showed that treatment with THC 20 mg/kg reduced maternal food-intake during the first day of treatment (simple effect of dose), F(3, 12) = 7.4, p < .005, and the second, F(3, 12) = 8.7, p < .003, disappearing thereafter. Moreover, overall ANOVA analysis did not reveal differences in maternal foodintake throughout the entire gestation, F(3, 12) = 1.2, p = .35 (nonsignificant). Mothers exposed to THC 1 mg/kg drank more water during gestation, F(3, 12) = 4.6, p < .02, although this effect disappeared during the lactational period. Perinatal THC exposure did not result in differences either in maternal weight-gain, or in the size and weight of the litters (data not shown). Weight gain of the offspring, measured on postnatal days 10, 15, 20, 30, and 40 was equal in all the experimental groups (data not shown).
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Figure 2. Developmental performance in the elevated plus-maze of male and female offspring perinatally exposed to THC (0, 1, 5 or 20 mg/kg). Upper panel, time spent in the exposed arms; lower panels, total arm entries. Values are means ± SEM. of 8-12 determinations per group. (*) p < 0.05, Newman-Keuls, versus vehicle-treated animals.
Effects of Maternal Exposure to THC on Behavioral Performance in the Elevated Plus-Maze
The analysis of the performance in the elevated plusmaze revealed a developmental effect both in the time spent in the exposed arms and in the number of arm entries, F(3, 303) = 12.7, p < .0001, and F(3, 303) = 22.2, p < .0001, respectively, with a markedly different response in the adult age (postnatal day 70). Both effects appeared as a result of maternal exposure to THC: main effect of maternal treatment, F(9, 303) = 1.9, p < .05; and F(9, 303) = 3.6, p < .005, for time spent out and arm entries respectively. However, the nature of the alterations in exploratory and locomotor behaviors seemed to be different. Thus, a clear sex x treatment x postnatal-day interaction appeared in the analysis of the time spent in the exposed arms of the maze, F(9, 303) = 3.9, p < .01: male offspring of mothers exposed to either THC 1 or 5 mg/kg exhibited higher exploratory behaviors, whereas those exposed to THC 20 mg/kg exhibited a constant tendency to avoid the exploration of the exposed arms of the maze. Female offspring also exhibited changes in the pattern of exploration of the open arms on postnatal day 70, although the changes were not dose-dependent, appearing at THC 1 and 20 mg/kg, but not at 5 mg/kg. Regarding locomotor activity in the maze, male offspring of mothers exposed to THC 20 mg/kg exhibited a significant decrease in the number of arm entries throughout development. Adult offspring exposed to THC 1 mg/kg exhibited an opposite pattern on postnatal day 70, with a high number of arm entries. Females displayed some changes throughout development, but they were not consistent, and were not present at adult ages. 
Effects of Exposure to THC on the Performance of Adult Offspring in the Defensive-Withdrawal Test under Novelty Conditions
The pattern of behavior displayed in the defensive withdrawal test was clearly sex-dimorphic, as reflected in the several parameters scored: female animals emerged before males, F(1, 81) = 23.9, p < .0001, they remained less time inside the tube, F(1, 81) = 29.7, p < .0001, and they exhibited higher motor-activity scores than males for crossings, F(1, 81) = 69.2, p < .0001, and for rearings, F(1, 81)= 39.7, p < .0001. Maternal exposure to THC 1 or 5 mg/kg, but not to 20 mg/kg resulted in a decreased emergence latency in male offspring: sex x treatment interaction, F(3, 81) = 3.01, p < .04. Male offspring of the THC 1 mg/kg group remained less time inside the tube, F(1, 25) = 8.78, p < .01, and they also exhibited a lower mean time spent in the small chamber when compared to control animals, F(1, 25) = 5.51, p < .03 (data not shown). A significant sex x treatment interaction was also observed in both the number of crossings, F(3, 81) = 4.72, p < .005, and rearings, F(3, 81) = 4.2, p < .01, scored during the test. 
Effects of Maternal Exposure to THC on Spontaneous and Morphine-Associated Locomotor Activity
Maternal exposure to THC did not result in alterations in spontaneous unconditioned locomotion exhibited by adult animals, independently of the sex variable. However, the response to morphine observed during conditioning sessions was sexually dimorphic, F(1, 53) = 131.2, p < .005, and was affected by perinatal exposure to THC, F(15, 265) = 2.41, p < .05. Animals of the vehicle group did not show altered locomotion after morphine 350µg/kg treatment during conditioning sessions (see Figure 4B and 4C). However, male animals born from mothers exposed to THC 5 or 20 mg/kg exhibited a differential response to first morphine when compared with THC 1 mg/kg group, F(3, 53) = 3.7, p < .05. This differential response could be still observed in the third conditioning session, on which a sensitized locomotor response to morphine appeared in animals of the THC 1 mg/kg group, F(1, 12) = 4.1, p = .05.
Effects of Maternal Exposure to THC on Morphine Place-Preference in Adult Offspring
Maternal exposure to low doses of THC resulted in enhanced sensitivity to the reinforcing properties of morphine 350 µg/kg displayed by the adult offspring, as measured in the place preference paradigm, F(3, 124) = 4.4, p < .005.The effect was sexually dimorphic, F(1, 124) = 11.1, p < .001. Male offspring of the THC 1 and 5 mg/kg dose group increased their preference for the morphine-paired compartment with respect to the salinepaired compartment, F(3, 60) = 3.3, p < .03. Only female offspring of the THC 1 mg/kg group increased their preference for the morphine-paired compartment with respect to the saline-paired compartment: simple effect of maternal exposure to THC 1 mg/kg, F(1, 64) = 5.7, p < .03. Neither control-offspring nor those born of mothers exposed to THC 20 mg/kg exhibited a clear preference for the morphine-paired compartment when compared to the saline-paired one. 
Effects of Maternal Exposure to THC on Plasma Hormonal Levels after Morphine Place-Preference
Basal corticosterone levels (data not shown) were sexdimorphic, F(1, 83) = 12.03, p < .001, and they were clearly affected by maternal exposure to THC: sex x treatment interaction, F(1, 83) = 7.66, p < .01. Maternal exposure to THC resulted in high basal corticosterone levels in female offspring and reduced basal levels of this steroid in male offspring of the THC 1 mg/kg group. Exposure to the place-preference test increased the levels of this adrenal steroid: test effect, F(1, 141) = 10.2, p < .005. The ratio, corticosterone levels (CPP groups)/average basal corticosterone levels, displayed marked sexual dimorphism, F(1, 62) = 16.7, p < .0001, showing a clear effect of maternal treatment, F(3, 62) = 6.8, p < .0005, and a marked sex x treatment interaction, F(3, 62) = 12.85, p < .0001, which revealed that male offspring of mothers exposed to THC-1 mg/kg displayed a higher increase in corticosterone levels as a result of the exposure to the CPP test (Figure 6 ). This activatory effect associated twith CPP testing was not observed in males from the low THC-exposure groups when plasma prolactin was analyzed. Moreover, it appeared in all females, independently of maternal THC exposure, and in males from the 20 mg/kg-dose group. Regression analysis revealed that the change of preference for the morphinepaired compartment correlates positively with plasma corticosterone levels in males of the THC 1 mg/kg-groups, F(1, 8) = 6.75, p < .04, r = 0.49. This positive correlation was not observed in the remaining experimental groups. Figure 6 . (A). Changes in corticosterone levels (exposed/basal ratio x 100) associated with the exposure to the conditioning maze in adult male and female animals born of mothers exposed to THC during gestation and lactation. (B) Changes in plasma-prolactin levels (exposed/basal ratio x 100) associated with the exposure to the conditioning maze in the same animals. (C) Positive correlation between plasma-corticosterone levels and preference for morphine-paired compartment in males of the THC 1 mg/kg dose group, but not in vehicle-group animals (D). (*) p < 0.05, Newman-Keuls, versus vehicle-treated animals.
Litter Analysis of the Effects of Perinatal Exposure to THC
Litter analysis showed that perinatal exposure to THC 1 or 5 mg/kg resulted in a significant decrease in the emergence latency and in a tendency to exhibit a decrease in the total time spent in the compartment of the defensive-withdrawal test, F(3, 22) = 3.91, p < .02, and F(3, 22) = 2.52, p < .08, respectively. There was marked sexual dimorphism in the performance of this test, as described above, and perinatal THC exposure failed to induce alterations in female offspring. The effects of perinatal treatment with THC 1 mg/kg on morphine-induced change of place preference were present when the mean litter value was considered as the unit for analysis, F(3, 19) = 3.8, p < .02 (see Table 2 ). These effects were sexually dimorphic, F(3, 19) = 8.7, p < .008, and were significant in males exposed to THC 1 mg/kg. ACTH analysis revealed the presence of increased plasma-ACTH levels as a result of the CPP testing, F(1, 44) = 35.7, p < .0001. There was a significant test x treatment interaction, F(3, 44)= 5.4, p < .004, revealing a disrupting effect of maternal exposure to THC 1 mg/kg on the pattern of ACTH levels displayed by both the basal and place-preference groups. Litter analysis confirmed the sex-dimorphic effects of maternal THC exposure on basal corticosterone levels: sex x treatment interaction, F(3, 22) = 4.3, p < .02; and the different response to the CPP test, F(3, 44) = 3.8, p < .02, in males and females as a result of the exposure to THC. 
Effects of Maternal Exposure to HU-210 on HPA Sensitivity to an acute Cannabinoid Challenge
Maternal exposure to the highly potent cannabinoid receptor agonist HU-210 resulted in a permanently altered sensitivity of the HPA axis to the activating effects of cannabinoids: dose effect, F(3, 16) = 3.7, p < .05. Maternal exposure to HU-210 resulted in lower mean basal corticosterone levels (see Figure 7A ). After acute injection of HU-210, the animals born from mothers of the 1 µg/kggroup exhibited a potentiated and long-lasting corticosterone response, with maximal increases up to 500% over mean basal levels: time effect F(5, 80) = 6,1 p < .0001. This effect was not observed in animals from the 25 µg/kg-dose group, which showed a more subdued response of shorter duration: time effect, F(5, 80) = 1.2, p = .14 (nonsignificant). Plasmaprolactin response to HU-210 in control animals was biphasic, with a short activating response observed 30 min after the injection and a subsequent long-lasting inhibition, F(5, 80) = 15.07 p < .0001 (see Figure 7B) . Maternal exposure to HU-210 only affected the stimulatory phase of the response to HU-210, again in the lower-dose group: absence of simple effect of maternal treatment with HU-210, 1 µg/kg, on 30-min fraction, F(5, 80) = 1.3, p = .25 (nonsignificant). 
Discussion
The present study shows that maternal exposure to the psychoactive constituent of cannabis THC results in a cluster of behavioral and endocrine alterations in the adult offspring that can be revealed after challenges with drugs (opiates, cannabinoids) or environmental modifications. Thus, maternal exposure to THC increased the sensitivity to the reinforcing properties of a moderate dose of morphine in the adult offspring, as measured in the CPP paradigm. This sensitivity was greater in animals exposed to low doses of this cannabinoid (1 and 5 mg/kg), and was found to be sexually dimorphic. Place-conditioning induced by morphine 350 µg/kg in male offspring perinatally exposed to THC 1 mg/kg was similar to that obtained in control animals using doses 3-6 times greater (Rodríguez de Fonseca et al., 1995a; Rubio, Rodríguez de Fonseca, Martín-Calderón, del Arco, Bartolomé, Villanúa, & Navarro, in press) . A recent report indicates that this increased sensitivity is extensive to operant responses for opiates, using a model of morphine selfadministration (Martin et al., 1996) .The animals exposed perinatally to THC also exhibited sexually dimorphic changes in the behavioral reactivity to novel environments (see Figure  3 for the defensive-withdrawal study) and in the exploratory behaviors of a familiar environment with aversive properties (see Figure 2 for the plus-maze study). The endocrine alterations observed included sexually dimorphic alterations on the reactivity of the hypothalamo-pituitary-adrenal axis to the adaptive challenge of the CPP testing. Male offspring born of mothers exposed to THC (1 or 5 mg/kg) displayed normal to low basal levels of corticosterone, and an enhanced adrenal response to the CPP challenge. However, female offspring perinatally exposed to THC (1 or 5 mg/kg) displayed the opposite pattern: permanently elevated plasma levels of corticosterone and a blunted adrenal response to the HPA-activating effects of the CPP test. Lastly, males born of mothers exposed to the potent cannabinoid HU-210 exhibited a dose-related altered HPA response to an acute cannabinoid challenge: animals born from mothers exposed to the low dose of the cannabinoid (1 µg\kg) exhibited a sensitized and long-lasting response to acute HU-210 exposure, whereas those born of mothers treated with the higher dose (25 µg/kg) displayed a desensitized response to the acute cannabinoid challenge. Prolactin response displayed some subtle alterations in the lower-dose group, although they only affected the transient activatory effect of cannabinoid in its secretion. The results observed in males are consistent with previously reported findings which reflect that early life experiences, such as prenatal stress or perinatal exposure to opiates, amphetamine, and cocaine, might constitute a vulnerability factor for drug abuse (Callaghan et al., 1994; Deminiére et al., 1992; Gagin et al., 1997; Keller et al. 1996; Piazza & Le Moal, 1996) .
An imbalance in the mesolimbic dopaminergic network has been considered as the neuro-chemical basis of the vulnerability to psychostimulant self-administration in rodents (Piazza et al., 1989) . As described above, maternal exposure to cannabinoids not only results in developmental alterations of the dopaminergic systems in the brain (Bonnin et al., 1994; Rodríguez de Fonseca et al., 1990 , 1991a , 1992a , but in permanent neuro-chemical alterations in adulthood Navarro, de Miguel, Rodríguez de Fonseca, Ramos, & Fernández-Ruiz, 1996; Navarro, Rodríguez de Fonseca, Hernández, Ramos, & Fernández-Ruiz, 1994a; Rubio et al., 1995) . If we consider these observations together with the data reflecting the alterations in the behavioral reactivity to novelty and the response to morphine, as well as the HPA alterations, we can argue that maternal exposure to THC leads to a vulnerable phenotype, partially resembling that proposed for amphetamine selfadministration : mesocorticolimbic dopaminergic alterations, increased behavioral responses to novelty, and a sharp adrenal response to adaptive challenges (Piazza et al., 1989 (Piazza et al., , 1993 (Piazza et al., , 1996 . This proposed model of vulnerability is depicted in Figure 8 . Further research is needed to establish to what extent it can be also relevant for human species.
In the animals exposed to low doses of THC, the response to the CPP test was shifted to exhibit both an increased sensitivity to the reinforcing properties of an ED 50 dose of morphine (resulting in a near 100% positive change of preference in perinatal-exposed animals), and a clear rise in plasma corticosterone levels, which were positively correlated. Interestingly, prolactin response to the CPP challenge was not correlated with the appearance of conditioning, although it was clearly affected by the exposure to THC 20 mg/kg.. The potent and long-lasting adrenal response to acute HU-210 exposure in animals born of mothers exposed to low doses of this cannabinoid is a remarkable finding, since this type of sensitized HPA response has also been proposed as a factor underlying vulnerability to psychostimulant selfadministration (Maccari et al., 1991) . Several mechanisms have been proposed in the elicitation of the perinatal effects of cannabinoids (for review, see Fernández-Ruiz et al. 1992 and Navarro et al., 1995) . They include changes in opioid peptides and their receptors (Kumar et al., 1990) , prenatal stress-like effects , direct effects on developing monoaminergic systems (Bonnin et al., 1994; Navarro et al., 1996; Rodríguez de Fonseca et al., 1991a; Walters & Carr, 1986) , and the activation of brain cannabinoid receptors which are present at birth (Rodríguez de Fonseca et al., 1993) . Besides the previously described actions of cannabinoids on the developmental profile of dopaminergic cells, a possible cannabinoid-induced developmental alteration in opioid peptides and their receptors must be considered as a factor underlying the increased sensitivity to morphineinduced place preference. It has been previously described that perinatal cannabinoid exposure can (a) alter the developmental expression of opioid peptides in the rat brain (Kumar et al., 1990) , and (b) induce changes in opioid-related Figure 8 . Proposed model of vulnerability to environmental challenges induced by maternal exposure to THC, the pyschoactive constituent of Cannabis sativa, in rodents. THC exposure during critical developmental periods may result in permanent alterations in brain structure/function by either the stimulation of CB-1 receptors present during the development, or the alterations in maternal glucocorticoid secretions, a known source of epigenetic-induced developmental plasticity. Adult challenges either with drugs (i.e. opiates) or with environmental stressors (i.e. novelty) will result in a modified pattern of neuro-chemical, endocrine, and behavioral responses, leading ultimately to inadaption and vulnerability. (Vela, Fuentes, Bonnin, Fernández-Ruiz, & RuizGayo, 1995) , namely a naloxone (5 mg/kg)-induced opioidlike abstinence syndrome in weanling males exposed to the cannabinoid, and developmental alterations in both pain sensitivity and the analgetic properties of morphine. Moreover, there is a clear association between endogenous opioid and cannabinoid systems in reward-related areas, supporting an important interaction in the modulation by the cannabinoid system of the reinforcing properties of opiates (Gardner & Lowinson, 1991) .
EARLY ENVIRONMENTAL EVENTS MATERNAL GLUCOCORTICOID SECRETION
THC ENVIRONMENTAL CHALLENGES DRUGS (CANNABINOIDS, OPIATES) STRESS (NOVELTY, SOCIAL…)
DEVELOPING BRAIN ADULT BRAIN
A A L LT TE ER RE ED D N NE EU UR RO OC CH HE EM MI IC CA AL L R RE ES SP PO ON NS SE ES S MONOAMINES, NEUROPEPTIDES
A A L LT TE ER RE ED D N NE EU UR RO OE EN ND DO OC CR RI IN NE E R RE ES SP PO ON NS SE ES S ENHANCED GLUCOCORTICOID SECRETION
A A L LT TE ER RE ED D B BE EH HA AV VI IO OR RA AL L R RE ES SP PO ON NS SE ES S ANXIETY-LIKE BEHAVIORS IMPAIRMENT OF LEARNING SKILLS
The sexual dimorphism already reported, which has also been observed in the present study, is a common finding in perinatal cannabinoid studies (Dalterio and Bartke, 1979; Fernández-Ruiz et al., 1992; Navarro et al., 1994b) , and might be reflecting the sex-dependent developmental profile of both opioid receptors (Hammer, 1985) , and cannabinoid receptors (Rodríguez de Fonseca et al. 1993) in the rat brain. An additional explanation for the effects described after perinatal THC might be a possible cannabinoid-induced stress-like effect. This prenatal stress-like effect might occur through a THC-induced activation of maternal HPA axis, resulting in a rise of plasma-corticosterone levels in the fetuses, which are dependent on maternal levels (Ward & Weisz, 1984 ; see Figure 8 ). However, this possibility must still be conclusively determined. Recent studies (McCormick, Smythe, Sharma, & Meaney, 1995; Valleé et al., 1997) have described how maternal-restraint stress resulted in a permanent increase of basal corticosterone levels in the adult female offspring, which is the same finding that we have observed after perinatal exposure to THC, and which has also been found after perinatal exposure to alcohol in rats (Lee & Rivier, 1996; Taylor, Branch, Nelson, Fane, & Poland, 1986) . Additionally, prenatal stress has been found to alter the opioid contribution to the behavioral response to novel environments (Poltyrev & Weinstock, 1997) . In any case, it is worthy of note that the effects of perinatal THC on morphine sensitivity and HPA activity may be independent, although associated in male animals exposed to the lower dose of THC. It remains to be determined whether the association between morphine reinforcement and HPA activity is sexually dimorphic in naive animals, especially if we consider that the studies which have set a role for glucocorticoids on opiate reinforcement (see Saham & Stewart, 1995) have been performed only with males. Other gender-related findings arose from the present study: male rats born of mothers exposed to THC (1 or 5mg/kg) displayed more exploratory behavior in the defensive-withdrawal paradigm, which might be considered to resemble a female pattern of behavior. However, they displayed a greater sensitivity to the reinforcing properties of morphine than did females from the same experimental groups. In addition, although females also showed an altered response to morphine when compared to controls, they did not display an enhanced adrenal response to the CPP testing but exhibited permanently elevated basal levels of corticosterone. These data suggest that perinatal THC did not result either in feminization nor in masculinization of the behavioral and endocrine parameters studied. We might conclude from these findings that the proposed role of the HPA in the vulnerability to opiate reinforcement is sexually dimorphic, and that differential mechanisms may be underlying this response in both sexes.
The surprising efficacy of the low doses of THC for eliciting long-term behavioral alterations may be related to the well-documented biphasic actions of THC (Dewey, 1986) and anandamide (Fride et al., 1995) , which commonly induce opposing actions at low doses (0.2 -2.0 mg/kg) when compared to higher ones (5-50 mg/kg). This has also been observed using anandamide, the proposed endogenous ligand for the brain cannabinoid receptor (Fride & Mechoulam, 1996a , 1996b Wenger, Fragkakis, Giannikou, & Yiannakis, 1997) . In any case, we observed that offspring of mothers exposed to THC 20 mg/kg, a dose that is 10-20 times higher than that estimated for human consumption of 2-3 marijuana cigarettes per day (Rosenkrantz et al., 1975) , did not exhibit either the increased sensitivity to the reinforcing properties of morphine nor the altered response to novelty. However, they did display alterations in the locomotor activity (see Figures 2 and 3 ), in accordance with previous studies . Regardless of the lack of effects observed in the CPP paradigm, it is important to remark that other mechanisms, such as alterations in the ontogeny of cannabinoid receptors, nutritional deficits, or other adaptive processes may preclude the appearance of the effects observed with the lower doses.
In summary, perinatal exposure to THC doses related to human consumption produced a clear shift in the sensitivity to the reinforcing properties of morphine in male offspring. Interestingly, recent hypothesis attribute the onset of drug addiction to a drug-induced progressive dysregulation of homeostatic processes controlling behavioral, neuro-chemical, and endocrine responses to relevant external stimuli (Koob & Le Moal, 1997) . The fact that cannabis consumption may result in dependence and addiction and that a recent report has linked a particular CB-1 receptor gene allele to intravenous use of opiates and psychostimulants (Comings et al., 1997) provide further support to the notion of cannabinoid exposure as a potential vulnerability factor for drug abuse.
